Intracellular free calcium concentration ((Ca2"]1) was measured in isolated ferret ventricular papillary muscles during and after long exposures to ischemia. All experiments were performed at 37°C, and the muscles were stimulated at 1 Hz. Ischemia was simulated by changing from superfusion with oxygenated Tyrode's solution to superfusion with water-saturated gas (95% N2-5% C02), thus simultaneously stopping oxygenation and restricting the extracellular space. [Ca21]1 was measured with aequorin, which was microinjected into superficial cells of the preparation. Exposure to ischemia caused a complex series of changes in [Ca211i. In the first few minutes the changes in [Ca2,11 were variable; however, after approximately 5 minutes all preparations exhibited a progressive increase in amplitude and duration of the stimulated rise in [Ca2]i1 (the calcium transient). The amplitude of the calcium transients peaked after approximately 18 minutes of ischemia, when they were 339% of the control value. After this peak, the calcium transients progressively failed to occur in response to stimulation and declined in amplitude; simultaneously, spontaneous oscillations of [Ca211j appeared and increased in size and frequency. The oscillations in turn then gradually became less frequent until a large, prolonged (5-10 minute) increase in [Ca21]i occurred, after which [Ca2+11 returned to a low level. There were no further oscillations after this event, which was seen on average after 37 minutes of ischemia. A slowly progressive contracture often began to develop at about this time. A gradual rise in resting [Ca2'] occurred during the remainder of the exposure to ischemia. When muscles were reperfused after long exposures to ischemia, there was a very large and prolonged increase in [Ca211i, which was usually associated with a contracture and failure of recovery of developed tension. The large increase in [Ca2]1i could be reduced by the inclusion of 3 mM nickel chloride in the reperfusing solution. Comparison between reperfusion with 02 gas versus reperfusion with anoxic Tyrode's solution indicated that reoxygenation was more beneficial to the muscle than resumption of bulk flow. These results reveal the complex spectrum of changes in [Ca2+11 that occur during ischemia and on reperfusion. These changes in [Ca2]1j are likely to play an important role in the generation of ischemic arrhythmias and muscle damage. (Circulation Research 1992;71:58-69) KEY WoRDs * heart * cardiac muscle * ischemia * intracellular free calcium concentration a reperfusion M easurement of intracellular free calcium concentration ([Ca'4],) during cardiac ischemia is of interest because of the potential role that changes in [Ca'j]i may play in contractile failure and in the initiation of ischemic arrhythmias and cell damage.'-4 Early measurements of total cellular calcium indicated that there is little change in this parameter during ischemia but that a large rise occurs on reperfusion.5,6 Recently, several groups using a variety of methods have succeeded in measuring [Ca'4]i during ischemia.7-14 These results show that, in spite of total cellular calcium remaining unchanged, a rise in [Ca'"JI occurs during early ischemia (for review see Reference 4), in contrast to the changes in [Ca'4], seen with other interventions such as simple hypoxia'5-'8 or metabolic blockade.'5,19-21 Most studies of [Ca2'i in ischemia to date have used relatively short ischemic exposures of only a few minutes. [7] [8] [9] [11] [12] [13] In these investigations, little permanent cell damage was caused (as judged, for example, by enzyme release or mechanical recovery), and [CaQi'] decreased toward the control level on reperfusion. Even when longer exposures of up to 45 minutes were examined,'0 the usual finding was for [Ca2+]i to return toward control values on reperfusion, although reperfusion sometimes caused a short-lived increase in the amplitude of the calcium transients.'0 However, it should be noted that these longer exposures to ischemia were performed at 30°C and that this may have contributed to myocardial protection.
Lee and Allen Intracellular Calcium in Cardiac Ischemia 59
In the present study, we have performed long exposures to ischemia of up to 2 hours at 37°C in order to define more fully the sequence of changes in [Ca2+]i occurring during ischemia. We have also examined the effects of reperfusion after these long exposures.
Materials and Methods Ferrets (n=24) were deeply anesthetized with an intraperitoneal injection of pentobarbital. The heart was removed, the right ventricle was opened, and a thin papillary muscle of <1 mm in diameter (mean diameter, 0.69 mm) was removed and mounted horizontally in a muscle bath. One end of the muscle was attached to a fixed hook and the other was attached to a tension transducer. The muscle was stretched to the length at which developed tension was a maximum. Micropipettes were used to pressure-inject aequorin into superficial cells of the preparation, as described previously. 15 The injection procedure was continued until an adequate signal-to-noise ratio was achieved, generally after 30-100 cells had been injected. This procedure usually required 1-3 hours, and the muscle was quiescent during this time. Aequorin light, an indicator of [Ca2]1i, was collected via a Perspex light guide and measured using a photomultiplier tube. Tension and aequorin light were measured throughout each experiment. Muscles were superfused with Tyrode's solution of the following composition (mM): Na+ 135, K' 5, Ca2+ 2, Mg2+ 1, Cl-102, HCO3-20, H2PO4-1, S042-1, acetate 20, and glucose 10, along with 5 units/l insulin (40 nM) . This solution was equilibrated with 95% 02-5% CO2 to give a pH of 7.36. All experiments were performed at 37°C, and the muscles were stimulated at 1 Hz. Temperature was controlled by placing the muscle chamber on a heated plate maintained at 37°C; in addition, the solution or gas that perfused the muscle was passed through a heat exchanger (also maintained at 37°C) just before entering the muscle chamber.
Simulation of Ischemia
The method used to simulate ischemia in this isolated muscle preparation has been described in detail previously. 10 Briefly, the muscle bath was arranged so that the muscle was isolated in a chamber containing only a narrow inlet and outlet through which solution flowed under control conditions. Ischemia was simulated by draining the solution away from the chamber and superfusing the muscle with water-saturated 95% N2-5% CO2 gas. This had the effect of preventing oxidative phosphorylation and restricting the extracellular space to a very thin film of solution adhering to the surface of the muscle. As shown previously, gas perfusion in itself (i.e., with 95% 02-5% C02) has no deleterious effects on cardiac muscle. 10'22 When ischemia was simulated, the muscle remained in contact with two platinum stimulating electrodes. During the control superfusion with Tyrode's solution, the stimulus voltage was set at approximately 10-20% above threshold. However, at the onset of gas perfusion, all the stimulating current was constrained to pass though the muscle, so the apparent threshold for stimulation fell. The stimulating voltage was therefore reduced when gas perfusion was initiated so that it remained at approximately 10-20% above threshold as strength was not changed for the remainder of the duration of ischemia. Ischemia was terminated by allowing the solution to reenter the chamber and superfuse the muscle, at which time the stimulus strength was again adjusted. Except where specified, all the results refer to first exposures to ischemia.
Changes in Tension and Calcium Transients at the Onset of Ischemia
At the onset of N2 gas perfusion, there was often an initial short-lived increase in the developed tension and/or calcium transients (e.g., see Figures 2, 4, 5, 7, and 8) . Figure 3 shows an example in which both were absent. A greater than 20% increase in tension occurred in 18 of 24 preparations, and a greater than 20% increase in calcium transients occurred in 12 of 24 preparations. It is unlikely that this phenomenon was due to release of catecholamines from sympathetic terminals23 because 1) the stimulus voltage had been adjusted in order to avoid this, and 2) in four experiments an attempt was made to block the increase in aequorin light and developed tension with 10 ,M propanolol or 5 ,uM guanethidine. Neither drug blocked these effects in any of the four experiments.
A possible explanation for the increase in developed force is that it is caused by an artifactual alkalosis. Because of the need to completely remove fluid surrounding the muscle for simulation of ischemia, a small amount of atmospheric air was often sucked into the muscle chamber at the onset of N2 gas perfusion.10 The transient lowering of CO2 concentration from 5% to atmospheric (0.03%) produced by this maneuver would cause a transient intracellular alkalosis, and such an alkalosis is known to potentiate developed tension. The reason for the increase in calcium transients is less clear, since moderate degrees of alkalosis have been found to decrease the calcium transients.24,25 To examine the effects of alkalosis, we performed the following experiment in two preparations, which were chosen because both showed an increase in tension and calcium transients when ischemia was initiated. Ischemia was terminated as soon as these effects were seen, and superfusion was changed to a HEPES-buffered Tyrode's solution bubbled with 100% 02. A further ischemic episode was then started by changing to gas perfusion with 100% N2. Since there was no CO2 in any of the gases involved, there would have been no artifactual alkalosis in this simulation of ischemia. It was found that under these conditions the short-lived increases of tension and calcium transients were indeed eliminated.
Thus, it appears that the large intracellular alkalosis caused by removal of CO2 can lead to increased calcium transients by an unknown mechanism.
It must be stressed that the increases in tension and calcium transients described above were short-lived (1-3 minutes) and that their presence or absence had no appreciable effects on the subsequent course of events. For the reasons given above, we believe that these very early changes are artifactual in nature and therefore not a feature of ischemia in intact hearts. Since the focus of the present study is the long-term effects of ischemia, we do not consider these short-term before. After this initial adjustment, stimulation effects further in the present paper. Calibration ofAequorin Signals Aequorin is "consumed" during the light-emitting reaction (i.e., the reaction occurs only once for each molecule of aequorin). Under normal experimental conditions the rate of consumption in cardiac muscle is so low that it can be ignored, but this is not the case during long ischemic exposures. In six experiments in which a 2-hour exposure to ischemia was performed, it was possible to integrate the aequorin light emission throughout the experiment. The aequorin remaining at the end of the experiment was determined by exposure to 2.5% Triton X-100 in 10 mM CaCI2.'9 On average, aequorin consumption of 14% (range, 7-38%) had occurred by the time at which the calcium transients fell to zero (see "Results"). An additional 29% (range, 18-43%) of the aequorin was consumed between this point and the moment of reperfusion, and a further 49% (range, 6-75%) was consumed on reperfusion. As a consequence, some of these preparations had little aequorin left at the time of reperfusion (see "Results"), and most had little aequorin remaining after reperfusion. During shorter exposures to ischemia (e.g., [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] minutes), aequorin consumption was appropriately smaller, and it was possible to perform several exposures to ischemia with adequate light signals.
To calibrate the aequorin signals it is necessary to correct for aequorin consumption, and this was done by calculating the fractional luminescence (FL): FL=amplitude of aequorin light signal/(integral of all aequorin light subsequently emittedxRC), where RC is the rate constant for aequorin consumption at 370C, which we measured to be 2.5 sec`. Conversion of the FL to [Ca21] was done using the equation and constants given in Reference [Mg2+]i are likely to be somewhat less severe and slower in onset in this model of ischemia than in the intact heart (see "Discussion"); nevertheless, the net effect is that the light signals during N2 gas perfusion are likely to be underestimated by a factor of 2-2.5. This implies that [Ca2+]i in this model of ischemia may be underestimated by a factor of 1.3-1.4.
Statistics
Numerical results are quoted as mean+SEM. An unpaired t test was used to test for statistical significance. Figure 1 shows the results of a representative experiment in which a 2-hour exposure to ischemia was followed by reperfusion. There was an initial brief increase in tension as N2 gas perfusion was begun (duration, 1-2 minutes; see "Materials and Methods"), but tension then declined over 5-10 minutes to a low level. After approximately 45 minutes, a slowly developing contracture became apparent and progressed for the duration of ischemia. In 21 muscles, developed tension had declined to 6.5+0.9% after 10 minutes of ischemia and 2.0+0.6% after 20 minutes of ischemia.
Results

Changes in [Ca2+] During Ischemia
The calcium transients exhibited a complex series of changes as ischemia progressed. Under control conditions, the calcium transients had a peak fractional luminescence of 3.70.9x 10-4 (n=5), representing a peak [Ca2"]i of 2.0 ,M and a time-averaged [Ca2+]i of 0.34 ,uM. During ischemia, the calcium transients first showed a small reduction in amplitude, but this was then replaced by a slowly developing increase in amplitude, which reached a maximum after 22 minutes in the experiment shown in Figure 1 . On average, the minimum amplitude of the calcium transients occurred after 5+±0.5 minutes and was 78+±8% of the control value (n=21). The maximum amplitude was reached after 18+1 minutes and was 339+±34% of the control value. At their maximum, the calcium transients showed a peak fractional luminescence of 15.1+2.6 x 10'4, representing a peak [Ca 2]i of 3.7 ,uM and a time-averaged [Ca 2]i of 0.71 ,M.
Soon after the calcium transients reached a maximum, they began to decline in amplitude, although the duration remained prolonged. This occurred after approximately 23 minutes of ischemia in Figure 1 . Stimulation failed to elicit transients more and more often, so that only every second or third and eventually only an occasional stimulus produced a transient. At the same time, spontaneous oscillations of [Ca2]i with a duration of approximately 1 second began to appear. Some of these can be seen in Figure 1 as tall spikes of various heights rising above the background. Smaller oscillations were also present but cannot be seen on the compressed time scale of the Figure (see Figure 3 ). In all experiments it was noted that spontaneous oscillations of [Ca2+]i first began to appear at about the time that the maximum calcium transient amplitude was reached. This is consistent with observations that spontaneous oscillations limit the maximum amplitude of the calcium transients. 27 After approximately 25 minutes of ischemia in the experiment shown in Figure 1 , the stimulated calcium transients had completely failed and were entirely replaced by spontaneous calcium oscillations. On average, the calcium transients were completely replaced by spontaneous oscillations of [Ca21]i after 24±1 minutes of ischemia (n=19). The oscillations themselves then gradually decreased in amplitude and frequency, until after approximately 1 hour in the experiment of Figure  1 , there was a large, more prolonged increase in [Ca2+] (duration, -8 minutes), which then returned to the basal level. After this large increase, spontaneous oscillations were absent. On average, spontaneous oscillations had disappeared after 37±3 minutes of ischemia (n=18). At this time a contracture that amounted to 10.4±2.9% (n=18) of the developed tension in the control period was present. As described previously,10 only a modest increase in diastolic [Ca'+]i (up to twofold resting levels) could be detected during the period when calcium transients were still present.
In the experiment shown in Figure 1 Initially, there was a slight relaxation of the mechanical contracture, but this was soon followed by an increase in the contracture tension. The muscle contracted erratically (i.e., spontaneously and not in synchrony with stimulation) and produced small twitches for a few minutes, but soon went into a final and irreversible contracture.
In eight preparations that were exposed to a full 2 hours of ischemia, three were essentially exhausted of aequorin by the time of reperfusion, so that it was not possible to quantify the aequorin signal on reperfusion adequately. In the remaining five preparations, the fractional luminescence of the peak light signal during the first 2 minutes of reperfusion was 84±+21 x 10-4, representing a peak [Ca2+]i of 7.7 ,M. All these preparations developed an irreversible contracture, and the maximum developed tension observed after reperfusion was 5+3% when compared with the developed tension before ischemia.
In seven preparations that were reperfused after 30 minutes to 1 hour of ischemia, the fractional luminescence on reperfusion was 17+55x 10-4, representing a peak [Ca2+]i of 3.9 ,uM. Most of these preparations exhibited only a transient contracture, and the maximum developed tension on reperfusion was 57+9%.
The elevated [Ca2+]i on reperfusion was significantly greater (p<0.001) in those preparations exposed to 2 hours of ischemia than in those exposed to 0.5-1 hour.
Also, the mechanical recovery was significantly worse (p<0.001) after the longer exposure to ischemia. The preparations that recovered tended to exhibit greatly increased calcium transients or large oscillations of [Ca2"]I on reperfusion, in contrast to those that went into contracture, where a continuously raised [Ca+]i was observed (see below). Figure 2 shows the effects of a 30-minute exposure to ischemia. In this case, after the initial tension changes at the onset of ischemia, a small, nonprogressive contracture developed, probably because of metabolic depletion in the center of the muscle (see below). The calcium transients showed the progression of changes described above, namely, an initial decrease followed by an increase and then replacement by spontaneous calcium oscillations. When the calcium transients had completely failed, reperfusion was initiated in this experiment. A large oscillatory increase in [Ca 2]i was seen, but in this instance the muscle began to recover, as evidenced by relaxation of the contracture and recovery of developed tension (eventual recovery of tension after this ischemic exposure was complete; data are not shown). The smaller size of the calcium transients after ischemia can largely be accounted for by aequorin consumption (see "Materials and Methods"). Similar results were seen in four experiments. Figure 3 presents in more detail the progression of the changes in the calcium transients during a 45minute exposure to ischemia. Figure 3A shows the full experimental recording on a slow time base. Again there was an initial decrease followed by an increase and then failure of the calcium transients. Reperfusion was started soon after the calcium transients had failed completely, and the muscle eventually fully recovered in this experiment. Figure 3B shows recordings from the times indicated in Figure 3A replayed on a faster time scale. Recordings i and ii of Figure 3B illustrate the for many minutes and never returned to control values. initial fall in the calcium transients and tension. The calcium transients then started to increase, and as can be seen in recordings iii and iv of Figure 3B , alternation of the calcium transients occurred during this phase. This was a frequent finding and was associated with A concomitant alternation in tension. By the time of recording v of Figure 3B transients were absent, but spontaneous oscillations persisted, although they were not as frequent as those observed previously. Recording vii of Figure 3B shows the period just after reperfusion. Large stimulated calcium transients reappeared and so did a degree of oscillatory calcium release. Tension began to recover, until at the time of recording viii of Figure 3B it was almost back to the control value. Oscillations had disappeared by this time, and the calcium transients had stabilized at a level that was less than their preischemic value. Similar results were seen in three experiments.
A striking feature of the behavior of the calcium signal, which was noted in Figure 1 , was the large increase in [Ca'+]i seen after approximately 1 hour of ischemia in that experiment. This was seen in most preparations but was often not as discrete as that seen in Figure 1 . A possible explanation for this phenomenon is that it represents a more or less synchronized release of Ca'+ from the sarcoplasmic reticulum at a time when the ATP concentration can no longer maintain the sarcoplasmic reticulum pump function. This explanation would account for both the absence of oscillations after this event and the fact that it requires a relatively long duration of ischemia to be seen (i.e., the myoplasmic ATP concentration must fall significantly). This explanation also suggests why the phenomenon is not always as discrete as that seen in Figure 1 : The aequorin light signal is made up of contributions from many aequorin-injected cells, and these are often distributed across the surface of the muscle. However, in order for the terminal release of Ca'+ to be recorded as a discrete event, it is necessary that all aequorin-injected cells release calcium from their sarcoplasmic reticulum at a similar time. Thus, the release of Ca'+ is more likely to be seen as a single event when a small number of injected cells lie close together, whereas this release is more likely to be spread out when a large number of widely distributed cells release their sarcoplasmic reticulum calcium at slightly different times. We attempted to test this hypothesis in two preparations by microinjecting only three to six cells that were close together.
We reasoned that terminal release of Ca2' might be more nearly synchronized in a small group of neighboring cells. Figure 4 shows that this was indeed the case. The discrete peak in the calcium signal occurred after the calcium transients had failed completely and was much briefer (-1 minute) than in preparations with many injected cells. As before, spontaneous oscillations of [Ca"+i were present before but not after the event.
Comparison Between Ischemia and Metabolic Blockade
Since ischemia leads to complex changes in [Ca2"] that are not seen in other models of metabolic inhibition, it is important that the differences be emphasized. Simple hypoxia, i.e., superfusion of fresh tissue with N2-equilibrated or cyanide-containing solutions, causes only relatively small changes in the calcium transients. [15] [16] [17] [18] In contrast, metabolic blockade, i.e., superfusion of glycogen-depleted tissue with N2-equilibrated or cyanide-containing Tyrode's solution, causes a rapid decline of the calcium transients.15'19-21 Figure 5 where calcium transients were largely replaced by spontaneous oscillations. The muscle was allowed to recover for a short period in a glucoseand acetate-free solution, and cyanide was then added. In this situation the muscle is glycogen-depleted because of the previous exposure to ischemia, and the addition of cyanide blocks oxidative phosphorylation. Thus, there is no source of ATP available to the muscle. It can be seen that, in contrast to ischemia, a rapidly progressive contracture developed immediately. As previously described,15,19-21 the calcium transients declined rapidly on exposure to metabolic blockade, although this is not apparent because of the scale of this figure. What is striking, however, is that after approximately 10 minutes, there was a very large, nonoscillatory, sustained increase in resting [Ca2+]i, which consumed all the remaining aequorin. The muscle did not recover on reperfusion. Similar results were seen in three experiments.
Changes in [Ca2+Ji After Reperfusion
If cardiac muscle is to be salvaged after a period of ischemia, it is clear that reperfusion must occur. As mentioned above, three types of response pattern of the calcium signal were noted on reperfusion, depending mainly on the length of exposure to ischemia. After long periods of ischemia, there was a very large, nonoscillatory, maintained rise in [Ca2+]i that correlated with irreversible contracture and failure of mechanical recovery (e.g., see Figure 1 ; n=8). Conversely, after shorter ischemic exposures, greatly increased calcium transients were often seen on reperfusion (e.g., see Figure 5 in Reference 10), and mechanical recovery usually occurred (n=3). Figure 6 shows an example of the third response pattern, which was seen after intermediate durations of ischemia (n=4). In this example the duration of ischemia was 40 minutes, and before reperfusion the preparation had entered the phase of nonoscillatory raised resting [Ca2"]i. At reperfusion, large spontaneous oscillations of [Ca2"]i occurred, which initially increased in amplitude and frequency and then declined toward baseline levels. A small contracture developed at reperfusion, but this later relaxed, and eventual mechanical recovery was good.
Comparison of Different Methods of Reperfusion
There has been a long debate as to whether the functional changes in ischemia are caused by reduced energy supplies or by accumulation of metabolic products (e.g., see Reference 28) . This issue can be examined by comparing reperfusion with N2 Tyrode's solution, which removes metabolic products but does not allow oxidative phosphorylation to restart, and reperfusion with°2 gas, which allows oxidative phosphorylation to restart but does not remove the products of metabolism. Figure 7 shows a comparison between two different methods of reperfusion after short exposures to ischemia in a relatively glycogen-depleted preparation. In Figure 7A ischemia was terminated by switching to oxygen gas perfusion, whereas in Figure 7B Tyrode's solution was admitted to the chamber when the contracture had reached the same level as in Figure  7A . In Figure 7A , oxygen gas perfusion caused an immediate relaxation of the contracture, and soon afterward the stimulated calcium transients reappeared. Tension recovered almost completely during reperfusion with 02 gas. The calcium transients remained elevated but fell slowly. Readmission of oxygenated Tyrode's solution at the end of reperfusion caused the calcium transients to return almost to their control value. In marked contrast, allowing reflow to occur without oxidative phosphorylation ( Figure 7B ) did not lead to a relaxation of the contracture (although its rate of progression was slowed) or to a reappearance of the calcium transients. Recovery occurred when oxygenated Tyrode's solution was readmitted. Similar results were seen in three experiments.
Modification of the [Ca"]i Rise on Reperfusion
The large rise in [Ca2+]i that occurs on reperfusion after long periods of ischemia is an important candidate for the cause of ischemic muscle damage. Figure 8 shows an experiment designed to investigate whether it is possible to modify this response. In Figure 8A , a 45-minute exposure to ischemia was followed by reperfusion with oxygenated Tyrode's solution to which 3 mM nickel chloride had been added. Nickel is known to block the Na-Ca exchange mechanism29 and also calcium channels at this concentration. It can be seen that on reperfusion there was no large increase in [Ca2"]1.
Tension recovery was small at this time because of the action of nickel on the calcium channels, but when the nickel was removed, tension recovered fully. In Figure  8B , a further 45-minute ischemic exposure was followed by reperfusion with oxygenated solution in the absence of nickel. It can be seen that there was a large increase in [Ca2+]i on reperfusion and that this was accompanied by incomplete relaxation of the contracture and irregular contractions. Similar results were seen in three experiments; in one of these, nickel was added on the second rather than the first exposure.
Discussion
In this study we have examined the effects of long periods of simulated ischemia on the mechanical response and [Ca2"], of isolated ventricular muscle. The results demonstrate that complex changes of [Ca2+]i continue to occur long after the mechanical response of the muscle has dwindled to an insignificant level. These changes in [Ca2"]i during ischemia occur in an ordered sequence that is reproducible. We have also documented that a large rise in [Ca2"]1 occurs on reperfusion and that this may be amenable to manipulation. These findings constitute the first detailed description of the changes in [Ca2"]i occurring during long ischemic exposures and on reperfusion.
Measurement of [Ca2+]
To study the details of [Ca2"], changes in ischemia, we microinjected the photoprotein aequorin into isolated papillary muscles. This methodology has the advantages that the calcium indicator is localized in the cytoplasmic compartment and that it is possible to monitor [Ca2"] on a beat-to-beat basis. The advantages and disadvantages of aequorin as a calcium indicator have been previously discussed in detail.3031 Interpretation of aequorin signals in ischemia has been discussed in "Materials and Methods." As mentioned, the progressive decrease in pH and increase in [Mg2`]i in ischemia will result in an underestimation of the amplitude of the changes in [Ca2"]i. Two further points of importance that should be indicated here are the following: 1) Aequorin is "consumed" during the course of an experiment; as discussed in "Materials and Methods," it is usually possible to correct for this effect by calculating the fractional luminescence. 2) Part of the rise in aequorin luminescence observed on reperfusion could arise from cell damage, with aequorin leaking from cells and being discharged in the extracellular space. Although we cannot exclude this possibility, two observations make it unlikely: 1) The fact that nickel reduced the rise in [Ca2+]i on reperfusion suggests that one of the pathways known to be blocked by nickel (i.e., the Na-Ca Experiments using 1,2-bis(2-amino-5 -fluorophenoxy)ethane-N,N,N',N'-tetraacetic acid (FBAPTA) to measure calcium showed no change in the total signal during reperfusion,7,8 indicating that there is no large increase in membrane permeability at this time.
Simulation of Ischemia by Nitrogen Gas Perfusion
Nitrogen gas perfusion mimics ischemia in three important ways: 1) Oxidative phosphorylation is prevented. 2) The extracellular space is restricted, allowing the accumulation of nonvolatile products of metabolism.
3) The initial compensatory increase in glycolysis induced by ischemia28 is allowed to occur. These three conditions are not all met by other isolated tissue models such as hypoxia or metabolic blockade. There are two respects in which nitrogen gas perfusion does not mimic ischemia perfectly: 1) Carbon dioxide, which can reach a tissue partial pressure of 400 mm Hg after 20 minutes of ischemia,32 will not accumulate in this model, since the experimental preparation is small and the surrounding CO2 concentration is fixed at 5%. 2) Because of the very small amount of solution that remains on the surface of the muscle during gas perfusion, the extracellular space will not be restricted as severely as it is in global ischemia in the intact heart. Both these factors would tend to retard slightly the changes due to ischemia in this model when compared with the globally ischemic heart. However, in spite of these considerations, it should be noted that the mechanical response and electrophysiological changes are similar in nitrogen gas-perfused muscle and the ischemic heart10 and that the increase in [Ca2]i observed after approximately 20 minutes of nitrogen gas perfusion, when the calcium transients were at a maximum, agrees well in both amplitude and timing with nuclear magnetic resonance measurements made from intact hearts.7 '12,13 Mechanical Response to Ischemia When cardiac muscle is made ischemic, developed tension falls rapidly. The earliest decline of force (within the first minute) is probably related to reduced intravascular pressure.33 Over the next 5-10 minutes, there is a rapid increase in intracellular inorganic phosphate and also a progressive decrease in intracellular pH.13 '14,34 These factors cause both a reduction in calcium sensitivity and maximum calcium-activated force and can account for most of the ischemic failure over this period (see discussion in Reference 4). During simulated ischemia, a resting contracture develops slowly, reaching 10% of the control developed tension after 37 minutes and developing more rapidly thereafter. This suggests that ATP has decreased to the level that initiates a rigor contracture at this time. This time to contracture is somewhat slower than that found in the globally ischemic heart,'4 presumably for the reasons discussed above. The mechanical response to ischemia contrasts markedly with that seen in metabolic blockade, during which ATP falls rapidly14,35 and there is a rapid early development of contracture. The much slower development of contracture in ischemia indicates that, although the supply of ATP is greatly reduced, ATP available from glycolysis is sufficient to maintain cellular processes in the absence of contraction for a considerable time. Globally ischemic ferret hearts have been observed to contain very low levels of ATP after 35 minutes of ischemia when contracture begins to develop.'4 The approximate coincidence of contracture development with cessation of spontaneous oscillations of [Ca2"]i in the present experiments supports the hypothesis that the myoplasmic ATP concentration becomes critically low at about this time, since calcium oscillations require ATP.36
Calcium Transients in Ischemia
The early changes in [Ca'+], have been extensively discussed previously.4'10 The most prominent feature is a progressive increase in the amplitude and duration of the calcium transients. Since the action potential shortens over this period, the increase in Ca2' transient amplitude must be due to another, competing factor, and we have previously presented evidence that it is due to the progressively increasing acidosis that occurs at this time in ischemic cardiac muscle.'0 The development of this acidosis has been well documented,'3,'4,34 as has the fact that glycolysis is stimulated,28 leading to a metabolic acidosis.37 Application of lactic acid causes changes in the calcium transients very similar to those seen in ischemia.10,38 The underlying mechanism is likely to be displacement of calcium from intracellular binding sites, causing an increased underlying resting [Ca2+]1.i0, 17, 24 In this phase of ischemia, the calcium transients continue to increase in amplitude and duration until a plateau is reached, at about which time diastolic oscillations of [Ca2+ i begin to appear. This finding is in agreement with observations suggesting that the appearance of diastolic [Ca2+i] oscillations are the limiting factor on the maximum amplitude that the calcium transients may attain. 27 As has been previously noted,'0 only a modest increase in diastolic [Ca2+]i was observed during this period. This is in contrast to some other studies in which a substantial early increase in diastolic [Ca2+]i was seen.9"11 The causes of this discrepancy are as yet unclear, although some possibilities have been discussed elsewhere.4
Oscillations of [Ca2+]i
At about the time when the calcium transients peak in amplitude, a number of other events occur. The appearance of spontaneous oscillations has been referred to above. These oscillations presumably occur when the underlying rise in diastolic [Ca21]i has reached the point at which calcium loading has made the sarcoplasmic reticulum unstable. Acidosis, as occurs in ischemic muscle, is known to facilitate spontaneous release of calcium from the sarcoplasmic reticulum. 39 Also, at about this time, individual stimulated calcium transients begin to be missed, and alternation of calcium transients is frequently seen. The former is likely to be due to failure of action potentials, which are considerably shortened after 20 minutes or more of ischemia.10 40 The presence of alternation of the calcium transients is of interest, since similar alternation of the action potential often precedes arrhythmias in the intact heart. 41 Two possible mechanisms that could give rise to alternation of the calcium transients are 1) abnormal calcium cycling42 in ischemic myocardium, which is perhaps due to slowed sarcoplasmic reticulum calcium uptake, or 2) alternation of the action potential, which is due to slowed reactivation of the calcium current under conditions of depolarization. 43 The observation that mechanical alternans induced by acidosis persist under voltage clamp44 makes the first possibility more likely. The causal chain of events would then be that ischemia causes alternation of the calcium transients, which in turn affects the action potential via calcium-activated currents,3 hence producing the observed predisposition to arrhythmias. 41 Once spontaneous calcium oscillations had entirely replaced stimulated calcium transients, they gradually became less and less frequent. This progressive slowing may represent a gradual slowing of sarcoplasmic reticulum calcium accumulation due to falling ATP levels within the cell. This phase culminated with a large increase in [Ca2]i, which usually lasted 5-10 minutes and which could be due to the sarcoplasmic reticulum releasing its store of Ca21 once the ATP concentration within the cell had become sufficiently low. It is difficult to test this hypothesis directly, but it is supported by the observations that oscillations were not seen after this point (i.e., the sarcoplasmic reticulum was no longer active), and it also roughly coincided with the beginning of the rise in resting [Ca21], and with the development of contracture, indicating that ATP levels were critically low. [Ca2+]i in metabolic blockade as compared with ischemia: 1) The fall of ATP and, hence, the inhibition of the sodium pump may be greater in metabolic blockade than in ischemia. 2) The limited extracellular supply of Ca2' in ischemia may reduce Ca 2 influx. 3) The intracellular acidosis that occurs in ischemia may inhibit the Na-Ca exchange. 49 In the present study, it was almost invariably the case that a preparation that had entered the phase where a substantial raised resting [Ca2]i was seen during ischemia did not survive on reperfusion.
Arrhythmias
The involvement of elevated [Ca2"]i in ischemic arrhythmias has been suggested.3,50,51 The present experiments provide further support for this hypothesis, since it is now clear that [Ca2]i is elevated and that oscillatory Ca2' release can occur in ischemia. The period of elevated and oscillatory [Ca2]i in these experiments (10-30 minutes) corresponds well with the period in which early ischemic arrhythmias are most frequent.52 Reperfusion is also associated with high and oscillatory
[Ca21]1, and this is another situation in which arrhyth-
Reperfusion
Reperfusion after 2-hour exposures to ischemia caused a dramatic increase in aequorin light, which probably represents a large rise in [Ca2"]i. However, it is possible that membrane damage occurs on reperfusion (see earlier discussion); if this is the case, the rise in aequorin light might be partly due to aequorin leaking from damaged cells and being discharged extracellularly, although it should be noted that aequorin is a large molecule (molecular weight, >20,000) and that membrane defects large enough to allow aequorin to leak from cells would certainly be expected to allow the very much smaller calcium ion to enter. This increase of [Ca 2]i was a terminal event and was accompanied by irreversible contracture of the muscle. After shorter exposures to ischemia (30-60 minutes), reperfusion caused a smaller rise of [Ca 2]1, oscillations were often present, and some degree of mechanical recovery was usual. In muscles that recovered, some variability in the rate of recovery on reperfusion was noted; one possible reason for this that we are unable to eliminate is small variations in the amount of extracellular solution adhering to the muscle in ischemia.
Measurements of calcium uptake53 suggest that much of the increase in [Ca'+]i on reperfusion is derived from the extracellular space. However, the route by which calcium enters the myoplasm is controversial at present. One possibility is that reactive oxygen radicals formed in the myocardium during reperfusion54 cause significant myocardial damage, allowing calcium entry through sites of membrane damage. An alternative hypothesis suggests that the cell membrane remains essentially intact and that calcium influx occurs because of disturbed sarcolemmal calcium transport mecha-nisms55; one possibility is that calcium influx occurs on the Na-Ca exchanger, which is far out of its normal equilibrium after a period of ischemia because of a rise in [Na+]1.47,48 Our observation that it is possible to block the reperfusion [Ca2]i increase with nickel indirectly supports this hypothesis. Nickel blocks both the Na-Ca exchange and calcium channels, but since the addition of specific calcium channel blockers has been found to have little effect on reperfusion damage,45 this implies that Na-Ca exchange is the most important route for calcium entry. The observation that oxygen gas perfusion, which would be expected to generate free radicals, nevertheless results in a rapid recovery of the action potential10 also supports the idea that cell membranes remain intact.
Conclusion
This study has shown that after the onset of ischemia in cardiac muscle there is a complex series of changes in [Ca2"]i that occur, to a considerable extent, after the mechanical response of the muscle has failed. These changes in [Ca'+]i appear to result from an interplay between alterations in the action potential, a developing acidosis, and a decreasing level of ATP in ischemic myocardium. Since [Ca2+]i is thought to be intimately involved in the causation of ischemic arrhythmias and muscle damage, understanding of the details of changes in [Ca2+]i during ischemia is an important step toward developing rational therapies for these problems. Future studies will need to be directed toward a more mias are frequently seen. complete understanding of the ways in which the underlying mechanisms contribute to the changes in [Ca2"]i and in developing ways in which [Ca2"]i can be safely modulated during reperfusion.
